Abstract Totally 25 marine soil samples were collected from the region of Palk Strait of Bay of Bengal, Tamil Nadu, and were subjected to the isolation of actinomycetes. Sixty-eight morphologically distinct isolates were obtained and 37% (25) of them had antimicrobial activity. The potential producer was named as Streptomyces sp. VPTS3-1 and the phylogenetic evaluation on the basis of 16S rDNA sequence further categorized the organism as Streptomyces afghaniensis VPTS3-1. Further, the antimicrobial compound was extracted from the isolate using various solvents and the antimicrobial efficacies were tested against bacterial and fungal pathogens. In addition, in vitro optimization of parameters for the antimicrobial compound production revealed that the suitable pH as 7-8, the period of incubation as 9 days, temperature (30°C), salinity (2%), and starch and KNO 3 as the suitable carbon and nitrogen sources respectively in starch-casein medium.
Introduction
Actinomycetes are well known for their economic importance as they produce biologically active substances such as antibiotics, vitamins and enzymes [1] . Actinomycetes form the source of three-fourth of all the known products, of which, Streptomyces spp. are promising candidates. There are 23,000 known secondary metabolites and around 80% of which are produced by streptomycetes [2] . A variety of pathways are associated with secondary metabolites generated by streptomycetes, including antimicrobial, antitumor and enzyme inhibitors [3] . In spite of the availability of new antimicrobial products, the frequent spread to epidemic diseases, incessant emergence of drug resistant pathogens, and the magnitude at which these pathogens transmitted among people necessitate continuous production of effective antibiotics. In this context, the actinomycetes of the marine ecosystems are viewed as a rich source of microorganisms capable of producing useful antimicrobial compounds [4] and compared to terrestrial species, marine actinomycetes are important sources of novel antibiotics [5] . Therefore, the marine actinomycetes are often screened for the production of novel metabolites and numerous metabolites have been isolated during the past decade. However, such screening protocols are still at their infantile and marine actinomycetes could still be exploited for production of novel antimicrobial compounds.
Complete knowledge of optimal conditions required for maximum fermentation activity leading to antimicrobial metabolite production by actinomycetes is required so as to standardize the different physical and physiological factors influencing the production of metabolites with antibiotic properties with particular reference to the strain used [6] . The present article deals with isolation of actinomycete strains from the marine soil samples collected from Palk Strait, East Coast of India and characterization of potent strains capable of synthesizing novel antimicrobial compounds, determination of the superior strain at species level and optimization of conditions required for the production of antimicrobial compound.
Materials and Methods

Isolation of Actinomycetes
Totally 25 marine soil samples were collected from the region of Palk Strait (Lat. 10°22 0 N and Long. 79°51 0 E), East Coast of India, and each sample was serially diluted up to 10 -6 . About 0.1 ml of the aliquot was spread over the starch-casein agar (SCA) plates and incubated at 28 ± 2°C for 7-10 days. The colonies of actinomycetes developed over the medium were purified and maintained in SCA medium.
Screening of Actinomycete Strains for the Production of Antimicrobial Compounds
Antimicrobial activity of the actinomycetes was screened by conventional cross-streak method [7] . In this, single streak of the actinomycetes was made on modified nutrient agar medium (g/l: yeast-extract 3; NaCl 5; peptone 5; glucose 5; agar 15; pH 7.1) and incubated at 28 ± 2°C for 4 days. After observing a good ribbon like growth of the actinomycetes, the human pathogens namely Bacillus subtilis (MTCC: 121), Escherichia coli (MTCC: 43) and Candida albicans (MTCC: 183), which were obtained from Microbial Type Culture Collection, Institute of Microbial Technology (IMTECH), Chandigarh, were streaked at right angles to the original streak of actinomycetes, and incubated at 37°C for bacteria and 27°C for yeast. The inhibition zone was measured after 24-48 h. Based on the inhibition zone, the antimicrobial compound producing actinomycetes were selected.
Extraction of Antimicrobial Compound Production
The broad spectrum of antimicrobial activity of selected strains was tested against five different human pathogenic bacteria namely B. subtilis; E. coli; Klebsiella pneumoniae (MTCC: 39); Proteus mirabilis (MTCC: 425); and Proteus vulgaris (MTCC: 426)] and one yeast namely C. albicans. The selected isolates were inoculated into SC broth, and shaken at 28 ± 2°C and 250 rpm for 7-10 days. After incubation, the staling substances were filtered through filter paper (Whatman No. 1) and through Seitz filter (G5). The filtrate was transferred aseptically into the conical flasks and an equal volume of five different solvents (alcohol, chloroform, distilled water, ethyl-acetate and methanol) was separately added to the cell-free culture filtrates and shaken for 2 h and the extracted filtrates were tested for their antimicrobial activity by using well-diffusion method [8] . The test bacteria and yeast were spread over Muller Hinton agar and Sabouraud's dextrose agar medium respectively. Wells (6 mm) were made using sterile cork borer, and then 25 ll of the extract was added separately into each well and incubated as previously mentioned. The diameter of the inhibitory zone around the wells was measured. Each test was repeated three times and the antimicrobial activity was expressed as the mean of diameter of the inhibition zones (mm) produced by the secondary metabolite.
The active solvent extracts were combined and evaporated to dryness under reduced pressure. The crude extracts were dissolved in a small amount of methanol, then filtrated and precipitated with acetone-ether 
Purification of the Antimicrobial Compound
The obtained antimicrobial compound was purified by silica gel column chromatography. Two gram of crude powder was dissolved in 10 ml of ethyl acetate. The solution was passed through a silica gel column in benzene. The active fractions were pooled and subsequently subjected to analytical thin layer chromatography. About 200 g of silica gel was stirred into 500 ml of distilled water. The mixture was shaken mechanically for 0.5 h and then left to stand. Fifty ml of mixed slurry was used to coat the five 20 9 30 cm glass plates. The coated plates were left to stand until the slurry set. The coated plates were then oven dried. Using a capillary tube a row of spots of the sample was applied along a line, 1.5 cm above from the bottom of TLC plate. The spots were left to dry. The TLC plate was placed vertically in a trough containing the solvents (n-butanol-ethylacetate-water (9:9:1). When the solvents moved up to 80% of TLC, the plate was taken out and dried, then sprayed with ninhydrin [8] .
Characteristics of Active Compound
The solubility, melting point, thermo stability and pH stability of the antimicrobial compound was analyzed and characterized by the standard methods of Harindran et al. [9] . The ultra violet spectral measurement of the pure compound was made 200-400 nm by using Shimadzu (UV1601) instrument, ethanol was used as a solvent. The FT-Infra Red spectrum of antimicrobial compound was analyzed by the methods of Fukuda et al. [10] . IR spectrum was recorded on a Bruker FT-IR instrument equipped with AT-XT Golden gate accessories. The mass spectrum was recorded using Finnigan MAT 8230 Mass spectrometer under the current (MA) 100 and the temperature at 90°C. 1 H NMR spectra were analysed by Ivanova and Schlegel [11] method and measured in CDCI3 on a JEOL GSX-400 NMR spectrophotometer at 400 MHZ for 1H.
Characterization of Potential Producer
Microscopy
The SCA grown active strain was observed for the aerial and substrate mycelia and arrangement of spores on mycelia by slide culture technique [12] . Actinomycetes were grown for 5-10 days in cultivation broth shaken at 250 rpm at 28 ± 2°C. Cells were then fixed by adding formalin (3.7%) and were washed three times with two volumes deionized water. Resuspended cells were spotted on a glass slide, flash frozen in a bath of 2-methylbutane in liquid nitrogen, freeze-dried and sputter coated with goldpalladium under vacuum. Sample was visualized under scanning electron microscope [13] .
Cultural Characteristics
Cultural characteristics of the strain was determined after incubation for 10-15 days at 28 ± 2°C on culture media as recommended by the International Streptomyces Project (ISP) [14] media such as yeast-extract malt-extract agar (ISP 2), inorganic salt starch agar (ISP 4), glycerolasparagine agar (ISP 5), peptone-yeast extract iron agar (ISP 6), tyrosine agar (ISP 7), asparagine-mannitol agar, Kenknight agar, nutrient agar, starch-nitrate agar, SCA and potato-dextrose agar. After incubation, growth, color of the spore mass, reverse side colour and diffusible pigment production were observed.
Chemotaxonomy
Isomers of diaminopimelic acid (DAP) in whole-cell hydrolysates and characteristics sugars of actinomycete were determined following the standard methods of Lechevalier and Lechevalier [15] .
Molecular Characterization of the Producer Organism
Genomic DNA of highly active isolate was extracted by the methods as described earlier [16] . Both universal and genus specific primers were used for the amplification of DNA through 35 cycles [17] in Eppendrof PCR Thermal cycler. Ten ll of PCR products with 2 ll of loading dye was mixed and loaded on a 1.2% agarose gel and was analyzed. The PCR products (16S ribosomal RNA gene) were purified using Microcon PCR centrifugal filter device and sequenced (Applied Biosystems). Comparison of 16S ribosomal RNA gene sequence of the actinomycete isolates and other bacterial sequences was done using NCBI BLASTn, and the 16S rDNA sequences of actinomycete, was deposited in NCBI, EMBL and DDBJ, and the sequences accession number was obtained. The reference sequences required for comparison were down loaded from the EMBL database using the site http://www.ncbi.nlm.nih.gov/genebank. All the sequences were aligned using the multiple sequence alignment program CLUSTAL W [18] . The aligned sequences were then checked for gaps manually and arranged in a block of 250 bp in each row and saved as a format in software MEGA v 2.1. The pair wise evolutionary distances were computed using the Kimura2-parameter model [19] . To obtain the confidence values the original data set was re-sampled 1,000 times using Boot strap program of PHYLOGENY and subjected to 'bootstrap analysis'. The bootstrapped data set was used directly for constructing the phylogenetic tree by using the MEGA program. The multiple distance matrix obtained was then used to construct phylogenetic trees using NeighbourJoining method of Saitou and Nei [20] .
Optimization of Antimicrobial Compound Production: Effect of Media
Eight different media namely, asparagines-mannitol medium, ISP medium 2, ISP medium 4, ISP medium 5, Kenknight medium, nutrient medium, starch-nitrate medium and SC medium were inoculated with culture in conical flasks and incubated at shaker for 7 days. After incubation, ethyl-acetate extract was prepared and evaluated for antimicrobial effects by well-diffusion method against previously mentioned test pathogens.
Effect of Incubation Periods
The SC broth was inoculated with actinomycetes and incubated for 15 days. After every 3 days, the extracts were tested for antimicrobial activities by well-diffusion method against test pathogens.
Effect of Temperature
The particular strain of the actinomycete was inoculated into SC broth and incubated at different temperatures viz. 5, 10, 20, 30, 40 and 50°C for 7 days. After incubation, the extracts were analyzed for antimicrobial activity by well diffusion method.
Effect of pH
The pH of the SC broth was adjusted to 5, 6, 7, 8 and 9 with 0.1 N NaOH/0.1 N HCL. All the flasks were inoculated with the strain of the actinomycete culture and incubated at 28 ± 2°C for 7 days. The antimicrobial activity of the extract was evaluated.
Effect of Salinity
SC broth was prepared with different salinity concentrations (1, 2, 4, 8, 16 and 32%) by adding NaCl. The strain of actinomycete was inoculated and incubated at 28 ± 2°C for 7 days. The antimicrobial activity of the extract was tested.
Effect of Carbon Sources
Effect of different carbon sources namely, dextrose, glucose, maltose, mannitol, starch and sucrose (10 g/l) on SC medium was tested for maximum antimicrobial compound production by actinomycete.
Effect of Nitrogen Sources
Effect of different nitrogen sources namely, alanine, glycine, phenylalanine, tyrosine and KNO 3 (2 g/l) on SC medium was assessed for the maximum antimicrobial compound production.
Determination of Minimum Inhibitory Concentration (MIC)
The minimum inhibitory concentrations (MIC) of antimicrobial compound of actinomycete was determined against all the six test pathogens by well diffusion method. The antimicrobial compound was dissolved in DMSO in the concentration of 50 lg/ml, mixed thoroughly before testing for antimicrobial activity. Four different (volume) concentrations viz. 5, 10, 15 and 20 ll were used to evaluate the efficiency of antimicrobial activity against all the pathogens tested. After incubation, MIC was defined as the lowest concentration that produced maximum zone of inhibition against test pathogens [21] .
Results and Discussion
In the present study, a total of 68 isolates of actinomycetes were isolated from the marine soils of Palk Strait Coast, Tamil Nadu. It was found that 25 (37%) isolates among 68 isolates showed antimicrobial activity. They also showed variations in relations to different strains and test organisms. It was also found that the isolate VPTS3-1 showed comparatively more antimicrobial activity than other actinomycetes. Interestingly, the strain VPTS3-1 showed more antifungal activity against C. albicans than antibacterial activity. Morphological characteristics such as ash colored aerial spore mass and blackish reverse side colour were recorded (Table 1) . On the basis of the aerial and substrate mycelia, development of spiral spore chains and smooth spore surface of the strain, they are placed under the genus Streptomyces. Chemotaxonomic studies of the strain showed that the presence of LL-diaminopimelic acid (DAP) and the absence of characteristic sugars in their cell convincingly categorized the cell wall of this strain belonged to the cell wall type-I. The strain VPTS3-1 developed various colours of aerial mycelium and the reverse side of the media became yellow to white in most of the media tested (Table 2) . In this study, the 16S rDNA sequence of the Streptomyces sp. VPTS3-1 was processed (GC content 57%) and deposited (accession number: DQ845201) in the Genbanks namely NCBI/EMBL/DDBJ. The phylogenetic analyses revealed that the 691 bp sequence of the isolate was closely similar (98.5%) to that of the existing species of Streptomyces afghaniensis AJ399483. Thus, on the basis of 16S rDNA sequence and phylogenetic relatedness, the potential producer has been named as S. afghaniensis (VPTS3-1). The antimicrobial efficacy of the solvent extracts of the strain VPTS3-1 revealed that the ethyl-acetate extract was highly active against C. albicans and P. mirabilis and produced a maximum inhibitory zone of 20 and 19 mm respectively. The other solvent extracts showed moderate to minimum inhibition effect (Table 3 ; Fig. 1 ). Notably, a variation was observed depending upon the actinomycetes strain and the bacterial/fungal isolates against which their antimicrobial activities were tested. It has been reported earlier that the antimicrobial activity of the compounds from actinomycetes varied depending on the strains from which the compound obtained, the solvent used for the extraction and the nature of the pathogens tested against such compound [22] [23] [24] .
Single separated band was observed in thin layer chromatography. The Rf value of Streptomyces sp. VPTS3-1 compound was 0.38 cm. The separated VPTS3-1 compound was brownish in colour and the melting point was 180°C. The compound was stable at pH from 7.0 to 8.0 and at temperatures ranging from 20 to 40°C. The antimicrobial compound revealed that the absorption maximum was 200 and 205 nm in ethyl acetate. The UV spectrum of the compound was shown in Fig. 2a IR spectrum of the compound showed two absorption peaks in the region of 3400 and 2911 cm -1 . The spectrum indicates that the compound had NH 2 and O-H group. Another two absorption peaks were also recorded in the region of 1655.5 and 1111.1 cm -1 . This peaks indicate that the compound had C=C-(alkenes) and R-O-R-(aliphatic) group. The absence of carboxylic acid (COOH) and ester (COOR), alkynes (C : C-) was confirmed by the lack of bands in the region of 1670-1740 and 1700-1750 cm -1 respectively (Fig. 2b) . The mass spectrum showed that the molecular ion peak at 326 m/z (Fig. 3a) . The large number of peaks H NMR spectrum of purified compound from Streptomyces sp. VPTS3-1 (Fig. 3b) . Based on the spectral studies, the compound was identified as highly oxygenated and derivatives of carbohydrates. The similar type of work has been reported by many workers including Wu et al. [3] ; Dhanasekaran et al. [8] ; Bordoloi et al. [21] .
Optimization of conditions required for antibiotic compound production necessitates the complete knowledge on optimal fermentation conditions [25] . In the present study, the required conditions had been optimized for the production of antimicrobial compound using Streptomyces sp. VPTS3-1. Among the eight media tested, the strain Streptomyces sp. VPTS3-1 grown on SC medium showed good antimicrobial activity against all the test pathogens. Maximum activity was recorded against P. vulgaris (20 mm) followed by K. pneumoniae (19 mm). Asparagine-mannitol broth extract had moderate antimicrobial activity and all other extracts showed minimum activity (Fig. 4) and the variation in the antimicrobial metabolite production among media could possibly be related to the composition of the medium in which the strain was grown. It has already been reported that Actinopolyspora sp. (AH1) grown on tyrosine agar had good antibacterial activity against Staphylococcus aureus compared to maltose yeast extract agar, SCA agar and glucose-asparagine agar [26] .
The maximum and minimum antimicrobial activity was recorded against K. pneumoniae (20 mm) and B. subtilis (13 mm) respectively over a period of nine days with Streptomyces sp. VPTS3-1. Precisely, the activity of the strain was observed from the third day of incubation and increased and reached a maximum after ninth day in SC broth (Fig. 5) . Kathiresan et al. [27] optimized the required time courses such as 48, 96, 120 and 160 h for the antifungal effect of the actinomycetes against phytopathogen, Fusarium solani and found that it was suppressed with the increase in incubation period in the production medium, and also maximum inhibition was found with cultures incubated for 120 h. Temperature has profound effect on the physiology, morphology, biochemistry and metabolites production of organisms. The present study identified that the culture filtrate of Streptomyces sp. VPTS3-1 had highest antimicrobial activity at 30°C and practically there was no activity at 5 and 10°C. The extract of the strain was obtained from the isolate grown at 30°C showed maximum activity against P. vulgaris (20 mm) and minimum against B. subtilis (12 mm) (Fig. 6) . In a similar report, the culture filtrates of three antagonistic Streptomyces spp. had highest antifungal activity at 30°C against phytopathogenic fungi namely Helminthosporium oryzae and F. solani [28] .
The change in pH of the culture medium induces the production of new products that adversely affect antibiotic production, and it is a well known fact that each strain has an optimum, minimum and maximum pH at which it will grow. The present study revealed that the optimal pH of antimicrobial compound production was ranged between 7 and 8. The highest antimicrobial activity of the strain was found at pH 7.0 against B. subtilis (20 mm) and lowest was against E. coli (10 mm). Accordingly, in our previous report [29] pH 7 was found to be optimum for maximum antimicrobial metabolite production for isolates Nocardiopsis spp. TE1 and APA1. Further, maximum inhibitory effect of Streptomyces sp. VPTS3-1 was found when it was grown at 4% salinity against B. subtilis and P. mirabilis (16 mm), and minimum was at 1 and 16% and did not show antimicrobial activity at 32% of salinity (Fig. 7) . Kathiresan et al. [27] reported a higher and lower antifungal activity against fungi when the actinomycetes grown at 17.5 and 30 ppt of NaCl respectively. It was found that the antimicrobial activity of actinomycete was maximum when grown in starch containing medium. Highest activity against P. vulgaris (19 mm) and the lowest against B. subtilis and K. pneumonia (10 mm) were recorded. Nevertheless, the strain did not show antimicrobial activity in glucose containing medium although other carbon sources containing media showed moderate activity towards all the pathogens tested. Similar type of work has been reported by Gupte and Kulkarni [30] which stated that glucose concentration 5% in the basal fermentation medium produced the maximum zone diameter with respect to C. albicans (24 mm). The nature and the amount of the nitrogen sources and amino acids are considered as direct precursors for antibiotic synthesis. In the present study, it was found that the maximum production of antimicrobial compound by Streptomyces sp. VPTS3-1 was observed in KNO 3 containing medium against P. mirabilis (16 mm). Other nitrogen sources containing media showed moderate activity. The L-asparagine was reported to be the most effective nitrogen source for the maximal production of fossomycin antimicrobial compound by Streptomyces fradiae [31] . Kokare et al. [32] studied the optimization of bioemulsifier production by a marine isolate Streptomyces sp. S1.
The minimum inhibitory concentration (MIC) for the antimicrobial compound extracted from Streptomyces sp. (VPTS3-1) was 10 ll. The zone of inhibition was found maximum in the extract concentration of 10 ll, the activity was almost stable when the concentration increased. At the concentration of 10 ll, the compound produced inhibition zone against B. subtilis (16 mm), E. coli (15 mm), K. pneumonia (14 mm), P. mirabilis (15 mm), P. vulgaris (19 mm) and C. albicans (21 mm) ( Table 4) . Correspondingly, Gandhimathi et al. [7] reported that the MIC of sponge associated marine actinomycetes compound against C. tropicalis was 10 lg protein/ml. The present and previous studies concluded that there are various factors affecting the antimicrobial activity of Streptomyces isolates. The MIC is not constant for a given agent, because it is affected by the nature of the organism used, the inoculum size, concentration of extract and the aeration.
The results of present investigation revealed that the Palk Strait (East Coast of India) marine actinomycetes could be a potential source of novel antibiotics. Nevertheless, a multi center study can be implemented as to screen the soil samples from the remaining regions of East Coast of India including West Coast of India and the other major marine regions of the country in order to isolate potent actinomycetes producing valuable and novel antimicrobial compounds. Further, the success of studies would also depend upon the development of appropriate fermentation conditions and downstream processing technologies as to bring out new classes of antibiotics. 
